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Abstract 
(Bi,Pb)2Sr2Ca2Cu3Oy ((Bi,Pb)2333) has high critical temperature (Tc) compared to REBa2Cu3Oy. However, (Bi,Pb)2223 has a 
disadvantage that the critical current density (Jc) seriously degrades in magnetic fields. We succeeded to fabricate (Bi,Pb)2223
epitaxial thin films by pulsed laser deposition (PLD) method using Nd:YAG pulsed laser deposition and post-annealing process. In 
addition, we tried to improve Jc in the magnetic fields by introducing Y2O3 or Al2O3 as artificial pinning centers (APCs). As a result, 
we fabricated (Bi,Pb)2223 thin films that had high Jc in self field at 77 K of 0.4 MA/cm2. The main phase of the thin films introduced
Y2O3 was Bi2212. On the other hand, the main phase of the thin films introduced Al2O3 was Bi2223, however, the formation of 
Ca2PbO4 resulted in the decline of Jc.
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the ISS 2014 Program Committee. 
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1. Introduction
(Bi,Pb)2Sr2Ca2Cu3Oy ((Bi,Pb)2223) is expected to apply for practical superconducting applications such as power 
cable and superconducting magnet, because it exhibits high critical temperature (Tc) compared to REBa2Cu3Oy [1]. 
Typically, (Bi,Pb)2223 wires are fabricated by powder-in-tube method [2]. However, the insufficient crystalline 
orientation causes the decline of critical current density (Jc), thus the improvement of orientation is required [3]. In 
addition, the superconducting properties of (Bi,Pb)2223 degrade in magnetic fields. The improvement of Jc in Bi2223 
will lead to expansion of the applied range. Therefore, we fabricated (Bi,Pb)2223 epitaxial thin films in order to 
improve Jc, because there are few grain boundaries in the epitaxial films. 
As the means of improvement of Jc in magnetic fields, an introduction of artificial pinning centers (APCs) is 
effective. There are many reports of REBa2Cu3Oy superconducting epitaxial thin films that Jc in magnetic fields is 
improved by the introduction of APCs (nanorod [4], nanoparticle [5] etc.). Some groups report introductions of 
nanoparticles into Bi2223 bulks [6, 7], however there are few report of an introduction of APCs into Bi2223 epitaxial 
thin films.  
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In this study, We fabricated (Bi,Pb)2223 thin films by pulsed laser deposition (PLD) method using Nd:YAG laser 
and post-annealing process. We introduced post-annealing process using a combination of face to face annealing and 
embedding the thin films into sintered bulks. Moreover, we tried to improve Jc in magnetic fields by introducing APCs 
into (Bi,Pb)2223 epitaxial thin films. As the technique, We introduced normal conductor into (Bi,Pb)2223 thin films. 
2. Experimental procedure 
We fabricated the (Bi,Pb)2223 precursor thin films on SrTiO3 
(100) or LaAlO3 (100) single crystalline substrates by PLD method 
using a forth harmonic Nd:YAG pulsed laser. We used a target with a 
nominal composition of Bi2.1Pb1.5Sr2Ca2.3Cu4Oy. The composition of 
as-deposited films fabricated by using this target was 
Bi2.03Sr2Ca1.93Cu3.25Oy. The deposition temperature was 800°C at an 
O2 pressure of 0.2 Torr. The laser repetition frequency was 5.0 Hz and 
the laser energy density was about 2.0 J/cm2. In the as-deposited films, 
Pb did not remain because of the high vapor pressure of Pb and the 
crystallinity of the films was poor. It has been reported that an 
introduction of Pb promotes growth of the Bi2223 phase [8]. Then, we 
performed post-annealing process. Fig. 1 shows schematic drawing in 
post-annealing of (Bi,Pb)2223 film. Firstly, we introduced face-to-face 
annealing technique in which a surface of a film is covered with another 
film [9, 10]. The face-to-face annealing prevents the re-evaporation of Bi from the thin films. Secondly, in order to 
introduce Pb into the thin films, the face-to-face samples were annealed in Bi and Pb vapor atmosphere by embedding 
the samples into Bi2Pb0.5Sr2Ca2Cu3Oy sintered bulks, then the bulks were surrounded by Al2O3 crucible. Annealing 
temperature was 845°C and annealing time was 20 hours. After that, we performed annealing at 450Υ for 3 h in O2 
atmosphere to control the carrier density of thin films. 
In this study, we selected Y2O3 and Al2O3 as APC introduced into the (Bi,Pb)2223 thin films. As the method 
introducing APC into the (Bi,Pb)2223 thin films, we used surface-modified target technique [11]. The APC material 
bulk is cut to an appropriate size and was stacked on the (Bi,Pb)2223 target. Then, the precursor thin films were 
deposited by using the sacked target. The Y2O3 content of (Bi,Pb)2223 thin film introduced Y2O3 were 15 mol%. The 
Al2O3 content of (Bi,Pb)2223 thin film introduced Al2O3 were 5.7 mol%.Post-annealing temperature was 833°C and 
annealing time was 20 hours. 
 The crystalline orientation and grown phases in the films were evaluated by x-ray diffraction (XRD). In I-scan 
measurements, we used the 2214 peak for the Bi2223 to check the in-plane orientation. The surface morphologies and 
the composition were observed by scanning electron microscopy (SEM) and energy dispersive x-ray spectrometry 
(SEM-EDX), respectively. Superconducting properties (Tc and Jc) were measured by using Physical Property 
Measurement System (PPMS) and the standard four-probe method in 0~9 T. The thickness of the films was evaluated 
white light interferometric optical microscope and the thickness after post-annealing was typically 200~300 nm.  
3. Result and discussion 
3.1. Fabrication of (Bi,Pb)2223 thin films 
Fig. 2 shows typical XRD 2θ-ω patterns of the as-deposited and the post-annealed (Bi,Pb)2223 thin films. We  
Fig. 1 Schematic drawing in post-annealing of 
(Bi,Pb)2223 film 
Fig. 3 Temperature-resistivity dependence of the post-
annealed (Bi,Pb)2223 thin films. 
Fig. 2 Typical XRD 2θ-ω patterns of (a) as-deposited and (b) post-
annealed (Bi,Pb)2223 thin films. 
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confirmed weak peaks belonging to Bi2212 and Bi2223 in the as-deposited films. On the other hand, the XRD pattern 
of the post-annealed films contains strong 00l peaks belonging to Bi2223. The crystallinity improved by post-annealing 
process because the thin film was grown by solid phase epitaxial growth. The same growth behavior has been reported 
in Hg based superconductor [12].From the I-scan measurements, the post-annealed (Bi,Pb)2223 thin films had four-
fold in-plane symmetry. Introduction of Pb into the post-annealed films was confirmed by performing the composition 
analysis. According to this result, growth of Bi2223 phase was promoted by post-annealing process. Fig. 3 shows 
temperature-resistivity dependence of the post-annealed (Bi,Pb)2223 thin films. As not shown here, the as-deposited 
films exhibited no superconducting transition. Most of the post-annealed films exhibited zero-resistance temperature 
(Tczero) about 100 K. Fig. 4 shows Jc at 77 K in magnetic fields applied parallel and perpendicular to the film surface of 
the (Bi,Pb)2223 thin films. Dotted lines are the reported values for the Bi2223/Ag tape [13]. Jc in self-field of our 
sample was 0.4 MA/cm2 and we confirmed the Jc was improved compared with that of the Bi2223/Ag tape [13]. 
Furthermore, the (Bi,Pb)2223 films we fabricated had superconducting properties at the same level with the recently 
reported(Bi,Pb)2223 thin film [14]. In our thin films, ΔIwhich is FWHM of the Iscan is a degree of in-plane 
orientation and typical ΔI was 0.8 ~ 1°. In contrast, the ΔI in the Bi2223/Ag tape is 6 ~ 10° [3]. Therefore, the 
improvement of the in-plane orientation resulted in the improvement of Jc in our thin films. 
  
3.2. Introduction of Y2O3 and Al2O3 into the thin films 
Fig. 5 shows typical XRD 2θ-ω patterns of post-annealed (Bi,Pb)2223 thin films introduced Y2O3 and Al2O3. In the 
as-deposited and post-annealed thin film introduced Y2O3, there were only 00l peaks belonging to Bi2212. On the other 
hand, we confirmed the same XRD pattern as (Bi,Pb)2223 thin film in the as-deposited thin film introduced Al2O3. And 
00l of Bi2223, Bi2212 and Bi2201 peaks and Ca2PbO4 peaks in the post-annealed thin film. Tczero of the thin film 
introduced Y2O3 was 28.3 K and that of Al2O3 was 99.6 K as shown in Fig. 3. Fig. 6 shows the Jc at 77 K in magnetic 
Fig. 5 Typical XRD 2θ-ω patterns of post-annealed (Bi,Pb)2223 thin films 
introduced (a) Y2O3 and (b) Al2O3. 
Fig. 7 X-ray diffraction intensity ratio of each phase to the total 
intensity of Bi2201(0010), Bi2212(0012),  Bi2223(0014) and 
Ca2PbO4 . 
Fig. 4 Jc at 77 Kin magnetic fields applied parallel and perpendicular 
to the film surface of the post-annealed (Bi,Pb)2223 thin film. 
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Fig. 6 Jc at 77 K in magnetic fields applied perpendicular to the film 
surface for the (Bi,Pb)2223 thin films with and without  Al2O3.  
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fields applied perpendicular to the film surface of the (Bi,Pb)2223 thin films with and without Al2O3. Jc in self-field was 
0.03 MA/cm2 in the film with Al2O3. We could not measure Jc at 77 K in the film with Y2O3 because the Tc was very 
low. Jc of the (Bi,Pb)2223 thin films with Al2O3 was about one-tenth times as small as that of the (Bi,Pb)2223 thin film 
without Al2O3. According to the above results, we could not observe the pinning effects by the Al2O3. 
 Fig. 7 shows x-ray diffraction ratio of each phase to the total intensity of Bi2201(0010), Bi2212(0012),  
Bi2223(0014) and Ca2PbO4. About 80% of the (Bi,Pb)2223 thin film was Bi2223 phase. On the other hand, Bi2223 
phase was 10% and 40% in the films introduced Y2O3 and Al2O3, respectively. In a previous study, there was a report 
that Y is substituted for the Ca site in the Bi2223 and Bi2212 phase became main phase with increasing Y2O3[15]. 
Substitution of Y to the Ca site in our (Bi,Pb)2223 thin film would also cause the increase of Bi2212 phase even in this 
study. In the thin film with Al2O3, though Bi2223 phase is main phase, there were a lot of other phases. Bi2212 phase 
and Ca2PbO4 phase are generated near the melting temperature [16]. Introduction of Al2O3 into the thin film would 
cause the decrease of the melting temperature. It is reported that Ca2PbO4 segregates in grain boundaries [17]. We 
considered that the Ca2PbO4 interrupted the supercurrent through the grain boundaries. According to these results, we 
could not confirm the improvement of Jc by introducing Y2O3 or Al2O3 into the (Bi,Pb)2223 thin films. 
 
4. Conclusion 
We fabricated the (Bi,Pb)2223 thin films by PLD method and post-annealing process. Before the post-annealing, Pb 
did not remain and Bi2223 was not main phase in the films. After the post-annealing, Bi2223 became main phase due to 
the Pb introduction into the films. The (Bi,Pb)2223 thin films exhibited Tczero of about 100 K and Jc at 77 K in self-field 
of 0.4 MA/cm2.  The Jc was improved compared with that of the reported Bi2223/Ag tape. The improvement of the Jc 
would be due to the improvement of in-plane orientation. 
In order to improve Jc in magnetic fields, we introduced Y2O3 or Al2O3 as APC. The thin film introduced Y2O3 
mainly had Bi2212 phase. Substitution of Y to the Ca site in the (Bi,Pb)2223 thin film would cause the increase of 
Bi2212 phase. On the other hand, the thin film with Al2O3 mainly had Bi2223 phase. However, the thin film with Al2O3 
also contained a lot of other phases such as Bi2212, Bi2201 and Ca2PbO4. The formation of Ca2PbO4 which would 
segregate in grain boundaries resulted in the decrease of Jc.  
We succeeded in fabricating high Jc (Bi,Pb)2223 thin film in self-field, however the Jc in the magnetic field of 
(Bi,Pb) thin film with Y2O3 or Al2O3 was not improved. 
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